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“are delivered entirely through transport of

ABSTRACT

Recent experimental data suggest that the concentration factor for
uptake of 9ch by vegetation from soils may be two to three orders of
magnitude higher than the 0.25 value currently being used in radio-
logical assessments. Following a survey of the literature, a concentra-
tion factor of 50 was applied to evaluate the dose from a 1.0 Ci/year
release to the atmosphere by a hypothetical uranium enrichment facility.
Doses to the GI tract and throid of an adult living 1600 m from the
facility were 18 millirems and 80 millirems, respectively. These doses
99Tc through food chain
pathways. This assessment indicates a potential for 9ch exposures to
exceed recently proposed standards of the U.S. Environmental Protection
Agency in 40 CFR 190. The previously assumed concentration factor of
0.25 would have produced corresponding doses of 0.13 millirem to the GI
tract and 0.57 millirem to the thyroid.

The results of this analysis demonstrate the need for additional

97¢. 1

research on the environmental behavior and dosimetry of
particular, data are needed to elucidate the retention of gch in
soils and the uptake of gch by edible vegetation in field studies
of chronic exposure conditions. Data on the uptake and retention of
99Tc in humans are also necessary to improve the reliability of dose

conversion factors for specific organs and various age groups.




INTRODUCTION

1-3 indicate that

Recent data on vegetation uptake of technetium
soil-to-plant concentration factors (uCi/g tissue per uCi/g soil) for

this element may be significantly higher than those currently being
4

In view of this information, there
99

used in radiological assessments.
is a need to reevaluate the contribution of the dose from ~~Tc ré]ative
to that from other radionuclides produced in and released to the environ-
ment by nuclear fuel cycle facilities in order to determine the circum-

99Tc releases would be significant.

stances, if any, under which
Technetium is one of two elements (the other being promethium)
with an atomic number lower than bismuth (83) for which there are no

stable isotopes. The yield from thermal neutron fission of 235U for

99Tc is high, 6.2%/f1‘ssion,5 or about 0.84 kg per metric ton of uranium
in typical spent pressurized water reactor fuel (compared to 1.3 kg

]37Cs and 0.55 kg per metric ton of 90Sr).6

per metric ton of Foliowing
formation in its elemental state during the fission process, technetium
is Iikely to be converted to pertechnetic acid (HTc04) during dissolution
at the reprocessing plant. A portion of the technetium follows the
uranyl nitrate through the solvent extraction process and is converted

to technetium heptaoxide (Tc207) during the denitration or calcining

7 However, routine releases of 99Tc to the atmosphere at a

step.
typical commercial fuel reprocessing plant are projected to be only
about 45 uCi each year.8 Because the resulting doses to individuals

1iving in the vicinity of the reprocessing plant are not expected to

be significant relative to the doses received from the release of the .

other nuclides, 99Tc is ordinarily omitted from the source term.




In the UF6 conversion process, technetium }eacts with fluoride
to form volatile compounds that are carried through the gaseous diffusion
enrichment step. Small amounts of the technetium may then be released 'f
to the environment via gaseous and liquid effluent streams. Both /
measured and calculated releases to the atmosphere from enrichment /
plants have been reported with values ranging between 0.54 Ci/year |
and 5.9 Ci/year (refs. 9 and 10, respectively).

It is important to note that the predominant chemical forms of
9ch released to the environment have not been determined. However,
Wildung et a1.3 have stated that the most stable chemical species
in aqueous solution is the pertechnetate ion (TcOi), and it is this
form which is most 1ikely to enter surface soils. It should also
be noted that several techniques have been developed for effectively
removing substantial amounts of gch from UF6 feed material.]1 There-
fore, if site-specific investigations were to reveal that the environ-
mental levels of 99Tc in the vicinity of nuclear facilities exceed

99

regulatory standards, selective removal of ““Tc from recycled fuel could

be implemented.

UPTAKE OF TECHNETIUM BY PLANTS — A REVIEW OF
- AVAILABLE DATA

Until recently, virtually no data were available in the literature
on the uptake of technetium by plants or the behavior of technetium
compounds in soils. This lack of information is partly due to the
fact that Tow levels of naturally occurring technetium isotopes are

difficult to detect, and environmental contamination from weapons




fallout has received only limited attention. In lieu of information

12 relied upon a

“about technetium in soils and vegetation, Ng et al.
series of assumptions which related the behavior of technetium in the

environment to that of iodine, enabling them to derive a soil-to-plant
concentration factor of 0.25 (uCi/g fresh weight tissue per pCi/g dry

weight soil). This is the assumed relationship that has been adopted

throughout the assessment literature for technetium in soils and

vegetat1‘on.4’]3’]4

15 began to study 99Tc absorption by soils and

In 1974, Gast
plant uptake. Plants grown in soils watered with a solution containing
99Tc pertechnetate (TCOZ) showed appreciable uptake and translocation
into the above ground tissue with concentrations in seeds being much
less than concentrations in vegetative tissue. The observed soil-to-
plant concentration factors were as much as three orders of magnitude
greater than the assuméd 0.25 (Table 1). However, in these laboratory
experiments no effort was made to achieve an equilibrium level of
gch between soil and plant tissue. Also, the plants in these experi-
ments did not reach maturity prior to sampling. Futhermore, the con-
centration at which the 99Tc was applied was significantly higher than
what one would expect to find in the environment around a nuclear

installation. Cataldo et a1.16 have reported that the uptake of

technetium may be affected by the concentration of technetium in soil,

with a greater rate of uptake at higher concentrations. These laboratory

data, therefore, probably do not provide an accurate estimate of uptake

by plants in the environment around a nuclear facility where soils would




Table 1.

Concentration factors for 99Tc based upon

soil to aerial parts of wheat seedlings
(uCi/g wet weight of plant per uCi/g

dry weight of soil)e

Concentration factor

: Soils watered with solution Soils moist incubated
Type of soil containing 99Tc with 99Tc
Unfertilized Fertilized Unfertilized Fertilized
Bearden 166 83 165 18
Hegne 213 137 128 32
Hibbing 185 . 129 253 56
Nicollet 228 158 268 127
(surface)
Nicollet 213 209 249 326
(subsurface)
Omega 124 76 53 40
" Bergland 191 144 130 86
Arveson 130 48 » 89 91
Waukegan 209 158 269 189
Zimmerman 200 149 153 107
(Sapric peat) 106 12 143 54

3erived from the experiments by Gast et al
for dry to wet weight provided by Thorvig.

1] by using conversion factors




be subject to continuous contamination as a result of routine releases
of P%c.

Soil-to-leaf concentration factors for wheat and soybean plants

2,17

that were derived from data published by Wildung et al. are listed

1 the level of

in Table 2. As with the experiments reported by Gast,
99Tc in laboratory soil was not maintained constant for the duration
of the test, and therefore, concentration factors listed in Table 2
may not be representative of what would be expeéted under equilibrium
conditions.

18 < which

99

More recent data have been obtained on 99Tc uptake
wheat plants were germinated and grown for 10 days in 1900 ml of ““Tc¢
labeled ohe-third strength Hoagland mixture. In this solution the
concentration of 2 Tc was maintained at a constant level (+10%) and the
resulting solution-plant concentration factors were approximately 50
(uCi/g wet weight of tissue per uCi/g solution). This value could be
interpreted to represent a potential "upper 1imit" for the soil-to-plant

99Tc in solution should be more available

99

concentration factor because the

for plant uptake via the roots than ““Tc in soil. However, contrary to

16 have demonstrated that pertechnetate

this expectation, Cataldo et al.
applied to soils is readily available for plant uptake. In addition,
the factor of 50 derived from the Hoagland mixture experiments is
comparable to the concentration factors determined by Wildung et al.
in Table 2 in which a state of equilibrium was not attained.

The choice of a concentration factor for use in environmental

assessments should be based on experiments representative of field




Table 2. Concentration factors for 99Tc based upon
soil to aerial parts of soybean and wheat
(uCi/g wet weight of plant tissue
per uCi/g dry weight soil)?

Concentration of Tc ' Concentration factor

(ug Tc/g soil) Soybeans Wheat
0.01 35 38
0.1 17 43
1.0 95 no growth
5.0 19 no growth

%erived from the experiments by Wildung et a1.2’17




conditions when a state of equilibrium has been obtained between soil
and plant. An estimate of the upper range of the soil-to-plant con-

centration factor for 99

Tc is precluded because of the fact that no
measurements have been performed under equilibrium conditions and
because there are not stable technetium isotopes in the environment
from which to derive this information. |

It is of interest to note that an absolute maximum soil-to-plant
concentration factor for gch (or any other isotope for which specific
data were not available) was assumed to be 100 (pCi/g dry weight tissue
per pCi/g dry weight soil) by Ng. et a].]z Using the value for moisture
content in vegetation of 75% assumed by Ng et al., this concentration
factor converts to a value of 25 (pCi/g wet weight tissue per pCi/g
dry'weight soil). This assumption was made in order to include in their

99Tc concentrations in

comprehensive handbook conservative values for
beef and in the total body of man. Nevertheless, this value of 25 is
significantly less than the values reported in Table 1.

Because of the incomplete nature of the data currently available,
we feel that it is not possible to derive a "best estimate" of the soil-

9ch. In fact, the values in Table 1

to-plant concentration factor for
would seem to indicate that a concentration factor of 50 would be among
the lowest to be assumed for calculational purposes, especially since
these vaiues are not representative of equilibrium conditions. However,
our analysis of reported concentration factors for gch in soil and
plants suggests that the value presently being used, 0.25, is a signifi-
cant underestimate of uptake of 99Tc through the roots. On the other

hand, it is entirely possible that the concentration factors obtained

under laboratory conditions could be an overestimate. Nevertheless, one




cannot be justified at this time in disregarding the data shown in Tables
1 and 2 and continuing to assume a concentration factor of 0.25. Despite
the uncertainties associated with the choice of a value for soil-to-
plant uptake of 99Tc, we will assume a value of 50 for this study to
determine the significance of using elevated values for this concentration

factor in radiological assessment models.

DOSE CONVERSION FACTORS

Dose estimates used in this study were calculated with the INREM-II

19

computer code. The INREM-II code employs an adaptation of the ICRP

Task Group Lung Mode]20 and a catenary GI tract model based on the

transit times of Eve2]

to describe the dynamics of retention in the
respiratory and gastrointestinal tracts, respectively. Retention in
other systemic organs is represented by a series of decaying exponential
terms. For all inhalation calculations performed in this study, the
Task Group Lung Model solubility category D is assumed.

Knowledge of the chemical form of technetium is crucial to assess-

ing its distribution in the body. Pertechnetate ion (Tcoi) concentrates

in the thyroid, salivary glands, kidneys, and gastrointestinal

22-25

tract. Aggregated and colloidal forms of technetium are

localized in the 1iver.23’26 Numerous other chemical complexes of the
element have specific clinical applications due to their characteristic
localization in particular tissues. In this report, however, we consider
only the pertechnetate ion which appears to be the most 1ikely" form

prevailing in the environment.]’3
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Table 3 presents estimates of dose conversion factors in millirems
per pCi intake of gch pertechnetate based upon three different sets
of metabo]ic assumptions for a reference adult. The dose conversion
factors in set (A) of Table 3 have been derived from basic metabolic
information given by the International Commission on Radiological

27

Protection. Biological retention of technetium is described by a

single exponential term for each organ of concern.

§ 99Mre dosimetry performed in WASH-1400 (ref. 28)

From an analysis o
the Nuclear Regulatory Commission estimates a uniform distribution

throughout the body with the exception of the thyroid; for the thyroid

a fractional uptake of 0.54% from blood is specified. Biological re-

| tention in all tissues is described with a multicompartment exponential

model of Beasley et a1.22 A fractional uptake of 95% from the small
intestine to blood is assumed with only 5% of the initial GI tract ~o
contents of technetium reaching the critical lower large intestine. The
second set of dosevconversion factors (B) in Table 3 is computed from
these data.

Other studies have indicated a rapid initial pertechnetate uptake
of approximately 2% to the thyroid from blood with some estimates as
high as 8 to 10% in euthyroid®® and 6 to 30% in hyperthyroid individuals.?3
From this range of values, 2% has been adopted in the third set of
dose conversion factors (C) in Table 3. While not entirely arbitrary,
this selection of an appropriate uptake factor is an additional uncertainty

in the calculations. A fractional uptake of 80% is assumed from the .

small intestine to b]ood.29 Thus 20% of the technetium in the GI tract
99

Tc in

- reaches the lower large intestine. Biological retention of
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Table 3. Adult dose conversion factors® for ggTc
pertechnetate (millirems/pCi)

Set Pathway Total body Bone Kidneys GI tractb Thyroid
p Ingestion 5.0 E-8 1.3E-7  2.3E-6 6.1 E-6 npd

Inhalation 1.3 E-8 3.1 E-8 5.8 E-7 7.5 E-6 ND
e Ingestion 2.5 E-7 4.1 E-7 4.1 E-7 8.0 E-7 4.6 E-6
B

Inhalation 1.8 E-7 2.7 E-7 2.7 E-7 1.3 E-7 3.0 E-6
cf Ingestion 2.1 E-7 3.6 E-7 4.6 E-7 3.2 E-6 1.4 E-5

Inhalation 1.7 E-7 2.7 E-7 3.5 E-7 5.1 E-7 1.1 E-5

qpose conversion factor as used in this paper is the 50-year integrated dose resulting

from a unit intake of 99Tc.
b

Dose conversion factors in (B) and (C) are calculated for the lower large intestine,
which is the critical segment of the GI tract.

Csee ref. 31. Set (A) was derived from zl;asic dosimetric data given by the International

Commission on Radiological Protection.

dND = No data reported for the thyroid.

€set (B) represents a calculation based on the dosimetric data in WASH-1400 (ref. 28),

using the INREM-II computer code.

fet (C) was calculated with the INREM-II methodology and data base.

1

9




organs other than the lungs and GI tract is estimated with the model
22

of Beasley et al.
22

The metabolic model presented by Beasley et al.”" and used in

parts (B) and (C) of Table 3 is based upon a clinical study of the
short-Tived 95mTc and 96Tc isotopes in man. Studies with 99mTc indicate
similar patterns of pertechnetate uptake and fétention by the thyroid,
kidneys, and GI tract, although sometimes suggesting more rapid clearance

25,30 29

from these tissues and erratic rates of uptake. One might be

somewhat skeptical about applying this metabolic model to the long-1lived
99Tc isotope since studies of these short-lived isotopes may not provide
adequate information concerning possible long-term retention in tissues

of interest. Clinical studies indicate a rapid decrease of pertechnetate
26

concentrations in the thyroid,”™ but these are based upon a single
administration to the patient. Additionally, it is recagnized that the
retention mode] was based upon total-body elimination of technetium and
would not necessarily be representative of retention in individual
organs. However, in lieu of organ-specific data, the Beasley retention
model has been used with the INREM-II computer code to estimate dose
~conversion factors in our analysis.

The dose to specific organs could be greater for a child than for
an adult under identical conditions of exposure. When only the
difference in organ mass is considered, the dose conversion factor

31

is elevated one order of magnitude for ingestion and inhalation.

Other physiological and extrinsic age-dependent differences might also
99

influence uptake and retention of ““Tc. For example, differences in




dietary habits would make milk a more prominent component of the child's
diet than that of the adult. It is evident that further studies are
needed to specify dose conversion factors applicable to critical

groups of the population. For the purposes of this paper we will use
the dose conversion factors listed in Table 3 (C), which are applicable
to a‘reference adult.

ASSESSMENT OF THE DOSE FROM TECHNETIUM
RELEASED TO THE ENVIRONMENT

In order to determine the significance of technetium releases to

the environment, we assumed for the purposes of an initial analysis a

99

soil-to-plant (fresh weight) concentration factor of 50 for ““Tc in

crops and calculated the dose to an individual 1iving 1600 m from a
hypothetical gaseous diffusion enrichment plant handling recycled

uranium. Meteorological data for this analysis were taken from a

]‘32

report by Roddy et a The parameters used to estimate the

atmospheric transport of technetium released to the environment are

33 was used to calcu]éte

99Tc at the point

Tisted in Table 4. The AIRDOS~II computer code
fhe air concentration and ground deposition rate of
of exposure.

The concentration of 99Tc in vegetables, meat, and milk was
computed following procedures outlined in the U.S. Nuclear Regulatory

Commission Guide 1.109 (ref. 4) and using a revised transfer coefficient

99 3

for 22Tc in milk of 9.9 x 1073 day/liter (ref. 34) and in meat of 8.7 x 10~




Table 4. Parameters used to estimate the
atmospheric transport of technetium
released to the environment

Parameter - Value
Release rate 1 Ci/year
Release height 20 m

x/Q at 1600 m

Annual average deposition velocity
for wet and dry processes

Deposition rate at 1600 m

9.9 x 10”7 sec/m3

2

1.1 x 107° m/sec

1

3.02 x 10' pCi/m? day
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day/kg (ref. 12). Results of the calculations are listed in Table 5 for
soil-to-plant concentration factors of 0.25 (the‘value most commonly
assumed in earlier assessments) and 50 (the value assumed in this
analysis). Direct deposition onto above ground vegetation contributes

99

approximately 20% of the ““Tc concentration in vegetables, meat, and

milk when the factor of 0.25 is employed but proves negligible when the

gch ingestion rates for a

factor 50 is considered. Corresponding
reference adult individual based onn the concentrations listed in Table
5 are shown in Table 6. It is evident from Table 6 that each of the
ingestion pathways éontributes significantly to the total technetium
intake.

The dose commitments to a reference adult residing 1600 m from the
point of release and obtaining his entire food supply from that location
are presented in Table 7. These doses have been calculated using the
dose conversion factors in Table 3 (C) and the intake rates listed in
Table 6. Accofding to our calculations, the organs receiving the
highest dose are the thyroid and the GI tract. Increasing the soil-
to-plant concentration factor from 0.25 to 50 results in an increase
in the dose commitment via the ingestion pathway of approximately
140 times. .The assumption of a value of 50 for the concentration
factor produces a dose commitment to the thyroid of 80 millirems
and a dose commitment of 18 millirems to the GI tract. The use of
0.25 as the concentration factor produces a dose commitment of 0.57
millirems to the thyroid and 0.13 millirem to the GI tract. The

inhalation pathway does not contribute significantly to the dose

commitment in either case.
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Table 5. Concentration of gch in vegetables, meat, and
milk 1600 m from a gaseous diffusion enrichment
plant releasing 1 Ci/year to the atmosphered

Soil-to-plant 91¢ concentration in:
concentration
factor for 99Tc Vegetables Meat MiTk
(pCi/kg)  (pCi/kg)  (pCi/liter)
b b b
0.25 2.3x10° 1.1x102 1.3x10°
A c c c
50 3.4x10" 155108 1.7x10?

aAssuming 15 years of accumulation in soi1.4

bApproximate]y 20% of the 99Tc was contributed via direct deposition
onto above ground vegetation.

Contribution from direct deposition is insignificant.
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Table 6. Intake rate of 9ch by an adult 1living 1600 m
from a gaseous diffusion enrichment plant
releasing 1 Ci/year to the atmosphere

Soil-to-plant

concsgtration factor Intake rate (pCi/year) via ingestion of
for 7Tc a b c
Vegetables Meat Milk Total
0.25 1.5 x 10% 1.4 x 10" 12x10t 4 x0°
50 2.2 x 10° 1.6 x10° 1.9x10% 5.7 x10°

aAssuming 175 g of vegetables ingested daily, based on data from the
International Commission on Radiological Protection, Report of the
Task Group on Reference Man, ICRP-Publication 23, Pergamon Press,
Oxford, 1975.

bAssuming 300 g of meat ingested daﬂy.4

cAssuming 0.3 liter of milk ingested daily, based on data from the
International Commission on Radiological Protection, Report of the
Task Group on Reference Man, ICRP-Publication 23, Pergamon Press,
Oxford, 1975.
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DISCUSSION

It is important to note that in this assessment, several assumptions
have been made which could increasé or decrease the resulting dose
calculations: for example, the specification of a diet entirely
produced and}consumed locally. In reality, local agricultural pro-
duction typically would be supplemented by foods imported from outside
the assessment area. This assumption would therefore cause an over-
estimate of the dose to the average individual.

Another assumption that would overestimate the dose is the effective
time of accumulation of 99Tc as pertechnetate in the root zone of the
soil. Because of its apparent high so]ubi]ify, and subsequent high
mobility in 3011,3 the soil accumulation time for pertechnetate may
be less than the 15 years assumed in Regulatory Guide 1.109 (ref. 4)
and in this study. The Regulatory Guide assumes that the only loss
of a given isotdpe in the soil root zone is the loss due to radioactive
decay. This assumption leads to substantial build-up of gch in soils
during the lifetime of a nuclear facility. An additional mechanism for
removing ggfc from soils would be the successive harvesting of vegetation
which exhibit high soil-to-plant concentration factors for this isotope.
Therefore, the assumed 15-year soil accumulation time used in this study
may be unrealistic.

On the other hand, our assumed source term for an enrichment
facility of 1 Ci/year is significantly lower than several values
already reported in the literature (e.g., 5.9 Ci/year, ref. 10).

Also, the location of exposure in this study, 1600 m from the source

was not the point at which the maximum air concentration would be
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expected to occur. Our calculations indicate that the maximum ground
“level air concentration to be considered for assessment purposes occurs

4 pCi/mZ-sec. We

at 800 m, where the deposition rate would be 7.0 x 10~
selected the 1600 m diétance because it is more representative of sites
for enrichment and reprocessing facilities presently in existence.

One additional lack of consérvatism in this study is the use of a
reference adult as the target individual. Consideration of dose con-
version factors and dietary habits representative of children could
result in a higher estimate of dose. A reference adult was used because
of the relative absence of dosimetric data applicable to other age
groups.

The significance of the dose commitments resulting from a one curie
per year release of 99Tc to the atmosphere can be put into perspective
by comparing them to recent radiation prqtection standards promulgated
by the U.S. Environmental Protection Agency in 40 CFR 190 (ref. 35).

These standards recommend 25 millirems per year as the maximum dose to

the total body and other organs except the thyroid; the standard for the
thyroid is 75 millirems per year. For a one curie per year release to

the atmosphere and a soil-to-plant concentration factor of 50, our

analysis indicates that doses to the total body, bone, and kidneys would

be less than the EPA standards. The dose to the GI tract would approach,
and,the dose to the thyroid would be slightly greater than these standards.
However, even a minor change in the calcu]ational assumptions, as described
earlier, could increase the GI tract dose enough to exceed the standard.

It is important to emphasize that we do not intend to imply that a
problem necessarily exists with 9ch releases to the environment on the

basis of these tentative calculations. What we do stress, however, is

. °
4
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that additional research is urgently needed. Environmental assessments
are presently bound to employ calculations using an elevated value for
the soil-to-plant transfer of 99Tc without sufficient data being available

to refine other parameters.

CONCLUSIONS

It is concluded from this analysis that there is an urgent need for
environmental monitoring and additional experimental data, particularly

gch uptake of vegetation

data derived under field conditions describing
and mobility in sdi]s. Data must be obtained from concentrations of

99Tc in soil representative of levels to be expected from routine

releases from nuclear facilities. Concentration factors should be

derived under equilibrium conditions and specified for the edible portions
of plant tissue. In addition, data must be obtained on the physicochemical
form of release 6f‘99Tc to the atmosphere and its environmental transport
properties.

Significant uncertainties exist in the uptake and retention of
technetium in man and the subsequent specification of dose conversion
factors for specific age groups and individual organs. Little information
is available to provide insight into possible long-term retention of
99rc in organs of interest (notably the thyroid); such data are needed
to accurately assess the dose due to chronic exposure to routine releases
from a nuclear facility. There is an urgent need for information describ-

99

ing the uptake and retention of ““Tc in children, since they could comprise

the critical segment of the population at risk.
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This assessment indicates that gch is a poténtially critical
radionuclide in the nuclear fuel cycle. However, the confirmation of
this assessment can only be determined after improving the state of
knowledge about the environmental behavior and dosimetric properties

of this isotope.
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